We present a simple phenomenological model to describe elastic responses of a collapsed single DNA molecule. The model is represented by the elastic theory for the wormlike chain combined with the orderparameter equation, which accounts for the intramolecular transition kinetics. Our continuum and discrete model reproduces the force plateaus and the stick-release patterns in the force-extension curves, respectively. Both of the elastic responses have been observed experimentally by changing the concentration of the condensing agents.
I. INTRODUCTION
Great advances in manipulating single macromolecules have enlightened rich and fascinating physics of biopolymers such as double-stranded DNA and actin filament. In particular, DNA condensation ͓1,2͔ has been the center of the concentrated efforts of many researchers in relation to the packaging of DNA in viruses and living cells. Single molecule observations by fluorescence microscopy have verified that individual DNA chains undergo a first-order phase transition from an elongated coil state to a collapsed globule state with the addition of various kinds of condensing agents such as multivalent cation ͓3,4͔. It has been also observed by electron microscopy that a toroidal structure appears as an equilibrium collapsed state ͓5,6͔.
Another feature of these biopolymers can be found in its mechanical property. A stiffness of a molecule yields a characteristic elasticity. For a long DNA chain, the persistence length is typically of the order of 50 nm. Thus, it behaves as a random coil under good solvent condition, whereas a linear conformation is favored locally. Such a polymer is often called as a semiflexible polymer. In the low force regimes, an elastic response is almost the same as that of a long linear flexible polymer. However, a manifest deviation is found in the high force regime. The elastic property of a semiflexible polymer is now understood quantitatively in the framework of wormlike chain ͑WLC͒ model ͓7,8͔.
Thanks to huge amount of experimental and numerical studies, a rich store of knowledge on phase behavior and mechanical properties of a long DNA chain has been accumulated. But so far, the interplay between them has received limited attention. Our understanding of how the compaction of a single chain affects its mechanical properties is still poor.
Very recently, elastic properties of a collapsed DNA molecule have been investigated experimentally by some groups ͓9-11͔. In our previous works ͓10,11͔ the elastic force of a single DNA molecule was measured using dual-trap optical tweezers in the coil-globule transition induced by a trivalent cation spermidine 3ϩ ͑SPD͒. We found that the force versus extension curves showed two striking phases, i.e., force plateaus and stick-release patterns, depending on the concentration of SPD. When the concentration of SPD was 500 M, the force plateau of 1-2 pN was observed during the polymer being both stretched and relaxed. When the concentration of SPD was in the higher range from 1 mM to 100 mM, stick-release patterns appeared in stretching processes, while force plateaus of 0.5-2 pN were observed only during relaxing. Besides, stick-release responses were obtained nearly periodically. This indicates subsequent abrupt unfolding of collapsed objects. Similar but more pronounced stick-release pattern was also found in stretching experiment of the giant sarcometric protein titin ͓12͔. In this case, the periodicity arises directly from the modular structure of titin. Thus, the present case seems more difficult and profound because a single DNA molecule is structurally homogeneous before collapsing.
It is tempting to characterize the elasticity of a collapsed DNA theoretically. In this paper, we present a simple phenomenological model which can reproduce the measured force plateau and stick-release pattern in the force curves. Motivated by an analogy between a single DNA molecule condensation and a crystal growth from a supersaturated liquid ͓13͔, we adopt an order-parameter description to account for an intramolecular transition kinetics of a single chain.
In the following section, we introduce a continuum model describing a coil-globule transition in the presence of the external force. We restrict our interest to the force plateau in Secs. II and III. In Sec. III, we show by the numerical calculations that our model semiquantitatively reproduces the force plateau. In Sec. IV, we consider the discrete version of the model to investigate stick-release phenomena. Numerical calculations show that the modified model captures the experimentally measured trends of stick-release patterns. Discussions and possibility of further improvement of our model are presented with brief summary in Sec. V.
II. FORMULATION

A. Guidelines for modeling
Our goal is to calculate a force F of a collapsed DNA as a function of its extension x. Since the force F versus extension x relation is a thermodynamical one, an approach based on equilibrium statistical mechanics seems rather promising for our aim. As is well known, Marko and Siggia ͓8͔ derived *Electronic address: wada@daisy.phys.s.u-tokyo.ac.jp a force-extension formula for the ideal WLC by taking into account the bending elasticity of the polymer within the framework of equilibrium statistical mechanics. Its analytical expression is given by
where L is the contour length, l p the persistence length, k B the Boltzmann constant, and T the temperature. However, the present situation seems quite different from the ideal case. In our case, elongated coils and compact globules coexist within a single molecule. In addition, transitions between a coil and a collapsed state can be induced by the externally applied force. For instance, when the chain is stretched by a larger force than the short-range attractive force for the compaction, some of globular objects undergo a conformational transition to a random coil. Furthermore, it is not suitable to expect that the system is kept in thermal equilibrium during stretching and relaxing. Thus, it is necessary to consider dynamical aspects of ordering processes of a single molecule under the external force.
To investigate such a complicated system, a phenomenological approach is often suitable. In this paper, we employ a Ginzburg-Landau-type phenomenology to describe the internal structure of a single polymer. Combining an equation for the order parameter with the formula Eq. ͑1͒ in a simple manner, we discuss the force-extension relation.
As already mentioned, experimentally measured forceextension curves showed plateaus and stick-release patterns depending on the depth of the condensation. It is not so easy, however, to construct a generic model which can describe both phases simultaneously. We consider the case of the force plateau at the first step. Next, by improving the model to suit the deep quench case, we will proceed to study the stick-release phenomena.
B. Model
When an intramolecular phase segregation has occurred and an elongated coil state and a collapsed state coexist within a single polymer, an apparent contour length L a differs from the original one L 0 ͓14͔. Presumably, the collapsed globule is hard to stretch compared to the coil. We then expect that the percentage of coil state mostly determines the flexibility of the polymer. If we identify this polymer with an ideal WLC having the contour length L a , a force F and an extension x of the chain can be connected by the formula
Then what we have to do is to calculate ''effective contour length'' L a under a given condition. In this aim, we introduce an order parameter along the coordinate s, where s is the contour distance from one chain end. We define that (s)ds represents the local contour length of coil-like flexible part within a small section sϳs ϩds ͑see also Fig. 1͒ . ϭ1 corresponds to a fully random coil state, while ϭ0 indicates an entirely collapsed state. In a bimodal state, varies from 0 to 1. We assume that a collapsed part (1Ϫ)ds acts like a coil part with its length ⑀(1Ϫ)ds, where ⑀Ӷ1. This immediately leads to the following expression for the effective contour length:
͑3͒
By the way, an ideal wormlike chain is nearly identical with a flexible polymer when ds is larger than the persistence length l p . In such spatial resolution, the elasticity of the polymer is not noticeable. Therefore, we have to choose the magnitude of ds smaller than the persistent length. In the shallow quench case, a globule may be a so-called liquid blob rather than a crystal one because it is substantially swollen. Hence, it is conceivable to expect that an interface between coil and globule is well defined with its thickness comparable to l p . On the basis of these considerations, we determine dsϭ 1 2 l p here. By the definition, is a nonconservative quantity. We then assume that obeys following relaxational dynamics:
where ␤ϭ1/k B T. The Gauss-Markov thermal noise is assumed to be related to the kinetic coefficient L via the fluctuation-dissipation relation, ͗͑s,͒͑sЈ,Ј͒͘ϭ2L␦͑sϪsЈ͒␦͑ϪЈ͒.
͑5͒
H is the coarse-grained Hamiltonian of the system and is written in the form
with a suitable upper cutoff wave number ⌳. Here, W is an effective potential which includes the dimensionless force f ϭl p F/k B T as a control parameter and has local minima at ϭ0 and ϭ1 for each f. The profile of W and its dependency on f are shown in Fig. 2 . Here, a critical force value f c is a material constant. Choosing the polynomial form for W, we arrive at
where ͉k͉Ͻ1/2. We assume that c and are positive constants for simplicity.
, at least when f is close to f c . On the other hand, ⌬W approaches constant values Ϯ(/12) when f is away enough from f c . Taking the numerical stability into account, we adopt the specific form of k( f ) as
where v is a material constant. In what follows, we will often where we put ϭL and DϭcL, which is the diffusion constant. Note that can be set to 1 by rescaling → Ϫ1 . Also taking L 0 as the unit of space, the equation of motion is now expressed in the dimensionless form as
with the fluctuation-dissipation relation ͗͑s,͒͑sЈ,Ј͒͘ϭ2M ␦͑sϪsЈ͒␦͑ϪЈ͒.
is the noise intensity. Note also that and M are now independent of the kinetic coefficient L.
Throughout this paper, we impose the zero-flux condition as the boundary condition of :
‫ץ‬ s ͑sϭ0, ͒ϭ0, ‫ץ‬ s ͑sϭ1, ͒ϭ0. ͑12͒
C. Stationary solutions
One can readily find that Eq. ͑10͒ without the noise term has a stationary propagating solution satisfying the boundary condition (s→ϱ)ϭ0 and (s→Ϫϱ)ϭ1,
with the interface thickness ϭ2ͱ2 and the propagating velocity
For bϾ 1 2 , which is equivalent to f Ͻ f c , the domain boundary ͑interface͒ is driven so that more stable region ϭ0 can expand, while for bϽ 1 2 , which is equivalent to f Ͼ f c , the boundary moves in order to enlarge more stable region ϭ1. Only when the condition f ϭ f c is kept for sufficiently long time, the whole system can reach the global thermal equilibrium. It is also noted that these analytic results are useful to check the validity of the numerical calculations which we perform in the following section.
III. NUMERICAL SIMULATION A. Calculation methods
In the following simulations, we obtain F-x curves as a set of consecutive data points (x i ,F i ),(iϭ1,2, . . . ,N D ) in stretching and relaxing processes, respectively. We always control the extension x i and calculate the corresponding force F i . In each measurement of (x i ,F i ), the extension is fixed at some value during a certain waiting time T w after its instantaneous change. Since the force fluctuates during the waiting time T w , we average the force for the waiting time in each measurement:
͑15͒
The parameters are fixed at L 0 ϭ5 m, l p ϭ25 nm, T ϭ296 K corresponding to the setup of the experiment ͓11͔. Since the thickness of the interface ϭ2 3/2 is comparable to the scaled persistence length l p /L 0 ϭ5ϫ10 Ϫ3 , we have ϳ10 Ϫ3 . The extension x is varied from x min ϭ1.0 m to x max ϭ4.8 m with ⌬xϭ͉x iϩ1 Ϫx i ͉ set to 19 nm. The noise intensity M, the small parameter ⑀, material constants f c and v are chosen to be 0.0005, 0.15, 12.5 and 3.7, respectively. The simulations are performed for the waiting time T w ϭ2.5 and 3.0. Unfortunately, we cannot specify the precise value of T w in physical units because it is crucially dependent on the unknown kinetic coefficient L which has disappeared by the nondimensionalization. However, we have checked that T w ϭ2.5 and 3.0 are long enough for a polymer to reach quasistationary state for the above parameters by changing T w from 0.5 to 3.5, whereas the data is not shown in this paper.
We use the standard implicit method ͑Crank-Nicolson scheme͒ for numerical integration by approximating the nonlinear term as with the time increment ⌬ and grid size ⌬s set to 0.005 and 0.0025, respectively. Throughout the following calculations, the initial condition of the chain is set to fully random-coil state ϭ1 with its extension x max ϭ4.8 m. We first relax the polymer extension to x min ϭ1 m, and again stretch it back to x max ϭ4.8 m.
B. Force plateau
The calculated force versus extension curves are shown in Fig. 3 . The simulation was performed with T w ϭ2.5 in Fig.  3͑a͒ , and with T w ϭ3.0 in Fig. 3͑b͒ , respectively. It is found that the elastic responses are obviously different from the WLC behavior. The F-x curves clearly show the force plateaus of 1-2 pN during both stretching and releasing processes. In the releasing process, a depression in the force curve can be seen associated with the onset of the force plateau. It is likely to be due to the nucleation barrier to generate a critical globule nucleus. In the stretching process, the plateau persists up to its extension ϳ4 m, which is corresponding to 80% of its overall chain length. Moreover, a marked hysteresis appears between stretching and releasing processes. These features are also generically observed in the experiment ͓10,11͔. One can find that the gap of the force plateaus between stretching and releasing processes in Fig.  3͑b͒ seems to be narrower than that in Fig. 3͑a͒ . Further discussions of the physical mechanism underlying the emergence of hysteresis and its relation to the waiting time are given in the following section. Figure 4 shows the effective contour length L a as a function of the extension x in the case of Fig. 3͑b͒ . One can clearly see that L a is proportional to x while the force plateau is observed in Fig. 3 . This can be understood intuitively by noticing that ͑dimensionless͒ force f ϭ f (z) remains constant as far as Zϵx/L a does not change in our model calculations. Figure 4 also suggests that the chain becomes fully elongated in xϾ4.5 m, which is consistent with the WLC behavior found in xϾ4.5 m in Fig. 3͑b͒. 
C. Hysteresis and motion of domain boundaries
In order to examine the nature of the hysteresis in force curves, let us consider the motion of domain boundaries in the one-dimensional s space. The profiles of (s) for several selected values of the extension x is displayed in Fig. 5 for parameters of Fig. 3͑b͒ .
Suppose now that there are N domains at time t. As shown in Fig. 6 , a domain means a coil region in the s space, hereafter. We simply consider that there are 2N domain boundaries ͑interfaces͒ and their width is much smaller than the domain width. Note that the variable N can take a half of a natural number as well. Representing the interface positions of nth domain as sϭX n (ϩ) (t),X n (Ϫ) (t), we can write down the equations of motion as where the velocity is given from Eq. ͑14͒ by
͑19͒
Let us consider the situation where the extension x is varied continuously as xϭx 0 ϩ␥t. ͑20͒
By exchanging the variable x from t, Eqs. ͑17͒ and ͑18͒ become
Note that we have to choose x 0 ϭ0 and ␥Ͼ0 in the stretching process, while x 0 ϭx max and ␥Ͻ0 in the releasing process. Then Eqs. ͑21͒ and ͑22͒ may hold in either stretching or releasing process. Extracting Eq. ͑22͒ from Eq. ͑21͒, we obtain
In the force-plateau region, where the force f retains nearly constant value f p , the velocity U is also constant at U( f p ) ϵU p . Since most of the domains disappear at xϭ0, X
→0 can be realized in the limit of x→0. Solving Eq. ͑23͒ with this condition, we easily find
On the other hand, the apparent contour length can be calculated approximately in the limit of ⑀→0 as
Substituting Eq. ͑24͒ into Eq. ͑25͒, we obtain
Hence, we find that the quantity
5. Evolution of spatial domain structure along the polymer contour corresponding to the extension change. A series of these figures is obtained when the force curve is Fig. 3͑b͒ . The left hand side represents the releasing process from x max ϭ4.8 m to x min ϭ1.0 m, while the right hand side is the stretching process from x min ϭ1.0 to x max ϭ4.8 m. is independent of the extension x. This gives the value of the slope of the dashed line in Fig. 4 . This relation also provides us a self-consistent equation for f p with the following formula:
Before solving Eqs. ͑27͒ and ͑28͒ in terms of f p , we remark on some points. First, since the condition ZϽ1 should be satisfied at all times, the additional constraint for f p is imposed by
Second, it should be noted that the number of domains N is a certain decreasing function of the stretching ͑or releasing͒ speed ͉␥͉. In the limit of the quasistatic operation ␥→0, a single-domain boundary may survive because the phase separation proceeds macroscopically in each x. Then, in order that the apparent contour length L a ϳ2xU p /␥ remains finite at ␥→0, U p also approaches zero as ␥→0, which means that f p coincides with f c asymptotically in the quasistatic process. So we restrict our interest to the small ␥ such that the following condition typically may hold:
Ӷ1. ͑30͒
In this case, it is allowed to neglect the higher-order terms in the expansion tanh xϷxϩO(x 
Ϫ␤, ͑32͒
where we put ␣ϭ␥v/2NU 0 and ␤ϭ f c ϩ1/4. The constraints ͑29͒ and ͑30͒ may be expressed together as
Substituting Eq. ͑31͒ into Eq. ͑32͒, we obtain the equation for y as p͑ y ͒ϭy
We first investigate the schematic profile of the function p(y). We readily find p(0)ϭϪ␣ 3 , p(␣)ϭϪ␣ 3 /4, pЈ(0) ϭ␣ 2 (␤ϩ2), and pЈ(␣)ϭϪ3␣ 2 /4, where the prime denotes the derivation with respect to y. Therefore, for positive ␣, Eq. ͑34͒ has a solution in yϽ0, a local maximum somewhere in the region 0ϽyϽ␣, and a desired solution in y Ͼ␣, respectively. We represent this solution as yϭ⌬ Ͼ . On the other hand, we find that there is only one solution in y Ͻ␣ which satisfies the constraint ͑33͒ for reasonable negative values of ␣ and for ␤ used in the above simulations. We express this solution as yϭϪ⌬ Ͻ .
As a consequence, the magnitudes of the force plateaus are given by
for stretching process (␣Ͼ0), and
for releasing process (␣Ͻ0). Thus the finite force gap ⌬ ϭ f p stretch Ϫ f p release ϭ⌬ Ͼ ϩ⌬ Ͻ generally exists for nonzero ␣. This directly suggests that the hysteresis appears in the force curve during stretch and release processes. However, in the quasistatic limit ␣→0 Ϯ , Eq. ͑34͒ simply becomes
Thus, the trivial solution yϭ0, namely, f p ϭ f c only survives. Because we immediately have ⌬ϭ0 in this case, no hysteresis appears in the force curve, at least apart from the initial transient regime of the onset of the plateaus. We solved Eq. ͑34͒ numerically by changing the stretching and releasing speed ␥. The results are shown in Fig. 7 . Actually the magnitude of ␥ is represented by the waiting time T w , which is related to ␥ as ␥ϭ͉⌬x͉/T w . We set ͉⌬x͉ϭ3.8ϫ10
Ϫ3 corresponding to the simulations in Fig. 3 . We also substitute N(␥) with the average number of domains N . Judging from Fig. 5 , we set N ϭ2 in the stretching process and N ϭ5 in the releasing process, respectively. Note that the dimensionless value f p is converted to the real force value F p as F p ϭ0.163ϫ f p in Fig. 7 . The predicted values of F p by the present simple analysis are very close to those obtained in the simulations as summarized in Table I . The calculation also predicts that the force gap decreases with increase of the waiting time, and vanishes in the long waiting time limit. This implies that the polymer essentially under- FIG. 7 . The magnitudes of force plateaus in stretching and releasing processes given as the solutions of Eq. ͑34͒.
goes nonequilibrium phase transition when it is stretched or relaxed with a finite speed, whereas its conformational transition recovers equilibrium reversibility only in the quasistatic operation limit. Although such a consideration is also expected from the simple thermodynamical argument, to confirm this statement, one may require a more detailed study due to the complexity of the present system. They will be reported elsewhere.
IV. STICK-RELEASE PHENOMENA
A. Modular structure
When the concentration of multivalent cation is large enough to induce deep condensation of a single polymer, the force-extension curves show stick-release patterns. In the experiment ͓11͔, there is a tendency for the stick-release response to occur periodically with a certain characteristic length l u ϳ300 nm. We immediately associate this finding with a beaded structure, where a few ''crystallized'' globular objects are connected with short coils ͑see also Fig. 8͒ . Such a morphology has been actually observed by fluorescence microscopy in a long DNA chain collapsed but partially stretched by the externally applied electric field ͓13͔. Provided that the chain takes such a beaded structure, stickrelease responses correspond to subsequent abrupt release of condensed objects. Furthermore, since l u is comparable to the length of one turn of toroid ͓5,6͔, we empirically consider that a globular bead forms a toroidlike structure with its typical size dϳ100 nm. It is considered that such an intramolecular phase segregated state is thermodynamically stable. Some authors have observed such a state that compact domains with their typical sizes d remain stable without further aggregations ͓4,13͔. However, to answer the question that why such a unique structure is generated within a single molecule is beyond the scope of this paper. Instead, we solely give a rather simplified description of the stick-release phenomena and show that qualitatively similar elastic responses can be reproduced by slightly modifying our plateau model.
From these considerations, let us employ further coarse graining of the spatial structure of the polymer. The characteristic length is not the persistence length l p as opposed to the force plateau, but the diameter d of the compact globular object in the real space. We expect that the order parameter (s) is constant, at least within the distance l u along s. Moreover, the interface between ϭ0 and ϭ1 may be very steep. We then assume that the chain is composed of Q ϭL 0 /l u pieces of ''modules'' that can undergo a transition between two energetically different states. Although this idea is originally inspired by the work of Rief et al. ͓15͔ for the muscle protein titin, whether such a modular structure is spontaneously formed is less pronounced in a collapsed DNA chain. In case of the DNA chain, there is relevant short-range interaction between polymer segments to recover structural uniformity. Such an effect can be partially responsible for the formation of a compactly packed toroidal structure. We thus let the diffusion constant be finite in the present model.
On the basis of these preparations, let us improve our model to suit the present situation. The procedure is simply as follows:
͑38͒
This is the discrete version of the plateau model. A conformational transition mainly occurs when it is thermally activated.
B. Simulation results
Numerical simulations were performed with the parameters Qϭ16, ⑀ϭ0.10, and M ϭ5 -6ϫ10 Ϫ5 . It is legitimate here to choose a smaller value of M than that for the force plateau because the effective potential W has deeper minima in the collapsed phase. Other conditions are the same as those of the preceding section.
A selected plot of the elastic responses are shown in Fig.  9 . In stretching processes, stick-release-like patterns appear, while the force plateaus of 0.5-2 pN in magnitude are observed during relaxing process. Force magnitudes at the peak positions are generally within the range of 4 -12 pN. Hence, the main features of our previous measurements on elastic response of a collapsed DNA ͓11͔ are reproduced by the present numerical calculations for reasonable values of the dimensionless parameters.
In Fig. 10 , we plot the effective contour length L a as a function of the extension x for parameters of Fig. 9͑a͒ . The curve L a ϭL a (x) looks rather irregular compared to that of a force plateau. Sharp changes of the contour length may correspond to abrupt releases of the globular objects or rapid condensations of narrow coils. Hysteresis in the L a versus x curve is more evident than that of the force plateau, which reflects the larger irreversible work in the cycle process as can be seen from Fig. 9 .
Lastly, we show the profile of (s) for several selected values of the extension x in Fig. 11 for parameters of Fig.  9͑a͒ . Apart from the regions near domain boundaries, the overall structure and its evolution are, at first sight, similar with those of the force plateau. The structure emerged in the column of xϭ1.20 m can be interpreted as the expected beaded structure. However, because of the shortness of the original contour length, a beadlike structure seems to be difficult to appear in the present case on the whole. A larger amount of toroidal object would be generated provided that the chain is much longer. To our knowledge, there is no experimental report to study whether such a morphology is actually formed when the chain is stretched by the mechanical stress. It is of great interest and one of the present authors is now conducting the experiment to clarify this question.
V. DISCUSSION AND SUMMARY
Our theoretical calculations suggest that two types of elastic responses, i.e., force plateau and stick-release pattern can be understood as WLC behavior of an apparent contour length which can vary with the force dependent transition rate. It is proved that combining the elastic theory of a single polymer with the kinetics of a metastable system is efficient to describe the main features of the measured force-extension curves of a collapsed DNA. In particular, the continuum model with diffusion along the chain is suitable for describing a force plateau. The motion of domain boundaries, which can be induced by the force working on the chain, is important to understand the plateau in force curves. We also found from the simple analysis that hysteresis is generically appreciable for finite stretching speed, while it is expected to vanish in the quasistatic limit. This implies that the system is generally in the nonequilibrium process in the stretching experiment. On the other hand, a steep change in the measured force may involve an abrupt and cooperative transition from a globular state to an elongated coil state. Therefore, a modular structure seems to be an essential ingredient for the stickrelease pattern. Although there is no consensus of this suggestion, our calculations based on the discrete model strongly supports this idea.
Here we refer to the dimensionality of the system briefly. In the present study, we considered the one-dimensional system and only took into account the closeness due to the connection between segments along the chain. However, since the polymer is embedded into a three-dimensional system, it is generally possible for a segment to have contact with other segments which are separated along the chain. Such a contact may become a trigger for further growth of a condensation when the chain is in the metastable state under a poor solvent condition. Thus, the dimensionality is an important problem, in general, to consider a coil-globule transition ͓14͔. In our case, however, both the ends of the polymer are trapped at controlled positions and the chain is forced to stretch with shorter apparent contour length than the original one. Then the polymer is considered to be rather ''straight'' almost throughout the measurements. In such situations, a nucleation primarily occurs by the contact among nearby segments along the chain. Thus, our one-dimensional model is expected to be fairly appropriate. Regardless of the satisfactory agreements between our theoretical calculations and experimental results, it should be still concerned that our present model is somewhat oversimplified, especially for the stick-release phenomena. In this paper, we applied slightly different models to describe force plateaus and stick-release responses, respectively, which may be eventually the source of our uneasiness. We assumed the attractive force between polymer segments from the beginning by preparing the double-well potential W for the chain conformation. In order to avoid any complexity and to emphasize on the influence of the condensation of a DNA molecule on its mechanical property, we did not consider the electrostatic effects explicitly. However, since a DNA molecule is highly charged with negative charges and a nearly 90% charge neutralization by the counterions is needed for the DNA condensation to occur ͓16͔, electrostatic effects are intrinsically most important in determining the conformation of a DNA. Many attempts have been made so far ͓17-20͔ to clarify the counterion induced attraction between two parallel charged rods as a model of the condensation of charged macromolecules, and some of them seem quite promising now. But they cannot be directly applied to the problem of the condensation of biopolymers, mainly due to the lack of knowledge on the delicate molecular architecture of biopolymers ͓20͔. Then, for more realistic problem such as a DNA condensation induced by multivalent cations, many conceptual questions still remain ͑even when the polymer is not subjected to any mechanical stress͒. Hence, it offers further complicated problem of how and why a collapsed DNA chain forms the unique modular structure under load ͓11͔. There may be a lot of important ingredients to be considered, such as the competition between long-range Coulombic repulsion and short-range attraction between segments, or the gain of translational entropy by the exchange between monovalent and multivalent cations ͓4͔. Besides, not only these electrostatic-originated effects but also dynamical couplings between them and the conformational change due to external stress may enter into our problem.
Although the situation seems rather difficult as mentioned just above, it is still challenging to develop an elaborate description on the observed stick-release phenomena. Encouraged by the good agreement between our present phenomenological model and the experimental observations, we further expect that it is a promising way to introduce another order parameter in order to account for these electrostatic effects, as well as the current order parameter . On the basis of this prospect, constructing a two-order-parameter description on the DNA condensation is in progress.
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